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Abstract 
Cadmium (Cd) is one of the best studied trace metals in seawater and at individual stations exhibits a more or less 
linear relation with phosphate. The compilation of all data from all oceans taken from over 30 different published sources 
into one global dataset yields only a broad scatterplot f Cd versus phosphate. However, the smaller high-quality dataset 
obtained by rigorous election of only those stations with uniform Cd/PO4-ratio in the deep waters, provides aconsistent 
global description of the deep (> 1000 m) waters. The deep Cd/POn-ratio increases from about 0.18 x 10 3 in the 
subarctic North Atlantic to about 0.33-0.35 × 10 3 in the northern Indian and Pacific Oceans, in accordance with 
increasing phosphate content, i.e. age, of the deep water. The increasing Cd/PO4-ratio with age (and phosphate) of 
the deep water masses is a function of the coupling between biogeochemical cycling and deep water circulation. Changes 
in the latter, for example during a glacial period, inevitably lead to significant shifts in the Cd/PO4 relationship of 
seawater. 
There is a statistically significant bimodality of deep Atlantic versus deep Antarctic/Indo/Pacific waters, suggesting 
that the deep Atlantic is a distinct biogeochemical province for Cd cycling. This distinction is likely caused by the high 
inventories of both Cd and phosphate inWeddell Sea source waters. For each of both populations, a given concentration 
of phosphate yields a predicted value of Cd within i l00  pM (Atlantic) and ~200 pM (Antarctic/Indo/Pacific), respec- 
tively, at the 95% confidence l vel. If one ignores the bimodality, then for a given phosphate the corresponding Cd might 
be predicted within i150 pM at the 95% confidence level; the validity of this is currently being verified by studies of 
South Atlantic waters which may or may not provide the missing link between both populations. 
Currently, the global distribution of the Cd/PO4-ratio in surface, thermocline and deep waters is consistent with 
preferential biogeochemical removal of Cd versus phosphate from surface waters. The net result for Cd/PO 4 is not 
dissimilar to the preferential surface removal of ~2C over 13C driving the deep distribution of the dissolved 12C/13C_ratio, 
although for Cd/PO 4 the underlying mechanism is obviously very different and not well understood. 
1. Introduction 
The vertical profiles of  Cd reported in 1976 
(Boyle et al., 1976; Mart in  et al., 1976) were 
1Corresponding author. Telephone: 31 2220 69465. Telefax: 31 
2220 19674. Omnet: NIOZ.TEXEL. 
among the first convincing concentrat ion values 
for transit ion metals in ocean waters. Throughout  
the water-column, a remarkable correlat ion with 
nutrients phosphate or nitrate was found, indica- 
tive of  an involvement of  Cd in the marine bio- 
logical cycle. Since then, several more vertical 
profiles of Cd and other transit ion metals have 
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been reported to exhibit more (e.g. Cd, Zn) or less 
(e.g. Ni, Cu, the lanthanides) correlation with 
nutrient elements phosphate/nitrate as well as 
silicate (Bruland, 1983). In contrast with for 
example the group IV elements Ge and Si 
(Froelich et al., 1989) or the group Il ia lanthanide 
series (De Baar et al., 1991) there is no a priori 
reason for expecting a substantial relationship 
between elements Cd (group Ila) and P (group 
V). From linear regression of the first datasets 
(Boyle et al., 1976; Bruland et al., 1978; Bruland, 
1980; Bruland and Franks, 1983) it appeared that 
the slope of Cd to phosphate varied within a fairly 
narrow (~ 0.25 to ~ 0.4 x 10 -3) range, whereas the 
zero-phosphate intercept was generally near 
(-0.1 nM< Cd < 0.1 nM) the zero-Cd. 
In an early compilation (Hester and Boyle, 1982) 
a linear relation with zero intercept was suggested, 
with a slope (in this case also the ratio) of Cd versus 
phosphate being 0.35 x 10 -3 (as mentioned in 
Boyle, 1988). Shortly afterwards, the regression of 
Cd and phosphate in deep North Atlantic waters 
was found to yield a slope about 15% lower than in 
deep North Pacific waters (Bruland and Franks, 
1983). 
At about 1986-1987, Cd-PO4 data had been 
published in some fifteen different articles, albeit 
almost exclusively for Northern Hemisphere 
stations. From this only seven datasets were 
selected without specification of selection criteria 
(Boyle, 1988). One large unpublished eastern 
Atlantic dataset had been added, but in retrospect 
is to be rejected due to poor phosphate data 
(Burton, pers. commun., 1993). Two other data- 
sets, albeit excellent, were from a shallow inshore 
site off Gibraltar (Boyle et al., 1985) and the semi- 
enclosed Gulf of Mexico (Boyle et al., 1984). 
Otherwise, upon excluding surface-water values 
[above which depth(s) was not specified], the 
eight datasets had been combined into one plot 
(Boyle, 1988, fig. 1), as said based only on North- 
ern Hemisphere stations (the southernmost being 
just north of the equator at 00°04~N, 13°14IW; 
Statham, 1984, unpubl, results due to faulty phos- 
phate data). Despite this regional imitation, the 
Cd-PO4 relationship was reported to be remark- 
ably uniform globally. Furthermore, there was a 
presumed shift in the relation at about 1.3 #M 
phosphate and two separate relations had been 
proposed: 
Cd = -0 .25+ (0.4 x 10 -3) × PO 4 ( l )  
(Boyle, 1988) for PO4 > 1.3 #M, i.e. largely North 
Pacific deep waters and 
Cd = (0.2 x 10 -3) x PO4 (2) 
(Boyle, 1988) with virtually zero intercept for 
PO 4 < 1.3#M, i.e. all upper ocean waters (except 
the mixed layer) and almost all North Atlantic deep 
waters. The first relation (1) is dominated by deep 
North Pacific values [Boyle (1988) also mentioned 
South Atlantic but we failed to find any such site in 
the data]. Its apparent linearity is appealing, but 
the large non-zero intercept is not consistent with 
ideal covariation (Fanning, 1992). When expressed 
as the ratio Cd/PO4: 
Cd/PO4 = (-0.25)/PO 4+ (0.4 x 10 -3) (3) 
it is obvious that this ratio tends to increase with 
increasing [PO4] in a non-linear fashion. Currently 
these regressions have become obsolete as they 
hinged strongly on the now rejected large east 
Atlantic dataset (concentric squares in fig. 1 of 
Boyle, 1988). It is also questionable whether the 
stations off Gibraltar and in the Gulf of Mexico 
are truly representative for deep water oceano- 
graphy, where on the other hand some other pub- 
lished data (e.g. Danielsson et al., 1985, among 
others) had not been taken into account. 
Recently, several new datasets have become 
available, most notably alleviating the paucity of 
data for the Indian Ocean (Saager et al., 1992), the 
South Pacific Ocean (Hunter and Ho, 1991) and 
the Antarctic Circumpolar Current, representative 
for the Southern Ocean (Martin et al., 1990; 
Nolting et al., 1991). This allows an assessment of
the global marine geochemistry of Cd from its 
worldwide relationship with phosphate. Here, we 
are relying on the complete world data set derived 
from all available (over thirty) published sources as 
well as some additional new data of ourselves. 
First, we briefly assess the hitherto common prac- 
tice of linear regression at each individual station. 
This provides some regional insight but can be 
misleading and does not yield any consistent 
global description either. Next, the Cd/PO4-ratio 
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as function of depth has been plotted for each 
station in order to apply a well-specified selection 
criterion based on uniformity of this ratio in deep 
waters. This allows proper selection of a smaller 
high-quality dataset which for the first time pro- 
vides the consistent, statistically documented, as 
well as truly global description of the deep 
(> 1000 m) waters. Subsequently, the signature 
and role of source and bottom waters is shown. 
Finally, the underlying biogeochemical processes 
as well as paleoceanographic implications are dis- 
cussed. 
2. Regional trends 
For each published dataset the relationship 
between Cd and phosphate has usually been 
reported for the complete vertical water column 
at each station (Table 1). Excluded were shallow 
inshore stations, semi-enclosed basins (Gulf of 
Mexico, Mediterranean, Weddell Sea) and surface 
water transects. At some stations we noticed a 
tendency for Cd in surface waters to deviate from 
the overall inear relation, yet the relations reported 
here are for the whole water column (except for the 
distinct break in our own northwest Indian Ocean 
data; Saager et al., 1992). 
In the Arctic waters of the Atlantic Ocean, the 
relatively low concentrations of Cd and phosphate 
are accompanied by a Cd/PO4 slope which is 
generally low (0.12-0.16 x 10 -3, not unlike com- 
monly observed in oceanic surface waters) with a 
zero-phosphate intercept of Cd = ~ 0.065 nM. In 
one instance, no correlation was found at all 
(Danielsson et al., 1985). In the temperate zone of 
the northeast Atlantic basin the Cd/PO 4 slopes 
appear very uniform at about 0.19 x 10 .3 where 
intercepts are variable from -0.021 to +0.041 
nM. Our results of four 1989 and 1990 JGOFS 
(Joint Global Ocean Flux Study, North Atlantic 
Experiment) profiles fit in with earlier reported 
datasets (Table 1). In the northwestern Atlantic 
Ocean, the Cd/PO 4 slope appears to be slightly 
higher and more variable (0.18 0.28 x 10 -3) with 
intercepts ranging from -0.019 to +0.041 nM. Our 
equatorial Atlantic station off Zaire (Nolting et al., 
unpubl.) exhibits a similar slope (0.22 x 10 -3) with 
a slightly more pronounced negative intercept 
(-0.083 nM). In general the zero-phosphate inter- 
cepts are quite small. 
For the northwestern I dian Ocean, the correla- 
tion of Cd with phosphate shows a distinct break 
between surface and deep waters (Saager et al., 
1992). The Cd/PO4 slope was low at about 
0.15 x 10 -3 in surface waters, but very high at 
0.50 × 10 .3 and 0.87 x 10 .3 in deep waters at an 
offshore station and an inshore station, respec- 
tively. The latter was located in the upwelling 
area near Oman. The intercepts were quite nega- 
tive at -0.49 nM and - 1.26 nM at the offshore and 
inshore station, respectively. In the southeast 
Indian Ocean (Nolting et al., 1989) one station 
exhibits a slope of 0.19 x 10 3 with an intercept 
of 0.047 nM. 
In the Southern Ocean, the very high Cd/PO 4 
slopes of about 0.64 x 10 3 for several stations 
(Martin et al., 1990; Nolting et al., 1991) are con- 
sistent with the slope of 0.58 x 10 _3 which was 
found when plotting the data for the first available 
South Pacific station on its own (Table 1), rather 
than combined with North Pacific sites (Boyle et 
al., 1976). In fact, this station is very near Antarctic 
waters. Both in the Southern Ocean and at this 
South Pacific station (south of New Zealand), the 
zero-phosphate intercept is distinctly negative 
(-0.85 to -0.41 nM). Such a combination of 
high slopes and distinctly negative intercepts was 
also found in the northwest Indian Ocean (see 
above). 
The only other data for the South Pacific ~'ere 
for the marginal slope and shelf region at 35-40°S, 
just west off the Northern tip of New Zealand 
(Hunter and Ho, 1991). The deepest stations 
reach until about 1800 m. At these stations, the 
Cd/PO4 slopes (0.25-0.31 x 10 3) with low zero- 
phosphate intercepts are intermediate between the 
North Atlantic and North Pacific Oceans. Yet 
recently, Frew and Hunter (1992) reported low 
Cd/PO4 ratios for a South Pacific station 
(48°05~S, 164°30~E). This is northwards of the 
Southern Ocean proper for which the authors 
believed no data was available (between 48 and 
60°S) where in fact Cd-PO4 data had been pub- 
lished previously (Westerlund and Ohman, 1991; 
Nolting et al., 1991, and references therein). It 
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Table 1 
The relation between Cd [nM] and orthophosphate [#M] in the world ocean for vertical profiles of all published stations currently 
available 




Arctic Atlantic 82.31°N 43.57°E 0.14 0.075 10 0 2400 
N NE Atlantic 67°N 2°W 0.16 0.04 l0 0-4000 
N NE Atlantic 65.00°N 1.00°W (no correlation was found) 8 0-2800 
59.00°N 20.00°W 0.12 0.08 0.94 8 0-2800 
Atlantic Ocean 
NE Atlantic ~ 50°N ~ 20°W 0.19 0.001 0.96 22 0-3500 
(4 stations) 
NE Atlantic 48.30°N 20.00°W 0.20 -0.004 0.98 8 0 2700 
NE Atlantic 33°N 20°W 0.211 0.037 0.96 10 0-2500 
NE Atlantic 33°N 20°W 0.200 -0.003 0.98 24 0-4400 
NE Atlantic 58.3N 20.3W 0.182 -0.006 0.90 19 0-3000 
NE Atlantic 47°N 20°W 0.206 -0.005 0.96 18 0 4500 
NE Atlantic 39.22°N 12.5l°W (no values reported) 
(their station 10704 with Cd concentrations similar to other NE Atlantic data) 
Off Gibraltar 36°N 7°W 0.206 0.009 0.978 18 0 730 
(fine dataset yet at shallow inshore station, not used in this paper) 
NW Atlantic 34.06°N 66.07°W 0.25 0.019 0.995 II 0 2962 
NW Atlantic ~ 40°N ~ 65°W 0.18 0.023 0.908 49 0 2000 
(~ 4 stations) 
WCR 82-B 36.38°N 73.47°W 
Sargasso Sea 35.39°N 71.53°W 
NW Atlantic ~ 50.0°N ~ 50.0°W 
(3 stations) 
NW Atlantic ~ 60.30°N ~ 17.0°W 
NW Atlantic 50°N 17°W 
Gulf of Mexico 24.1 °N 84.5°W 
0.18 0.041 0.961 21 0 2005 
0.21 0.005 0.991 19 0-3000 
0.28 -0.03 0.809 55 0-4310 
0.26 0.016 0.95 11 0-2400 
0.26 0.02 11 0 5000 
0.257 0.04 0.996 10 100 3390 
(fine data but semi-enclosed basin, not used 
Equatorial 
Atlantic (Zaire) 6.30°S 
Southern Ocean 
Antarctic Atlantic 57'-S 49°W 
Antarctic Atlantic 67°S 28 > °E 
Drake Passage 60.46°S 63.26°W 
Antarctic 
Indian Ocean 54.40°S 63.06°E 
61.05°S 66.20°E 
Indian Ocean 
SE Indian Ocean 10.70°S ll2.0CE 
NW Indian Ocean 14.30°N 67.00°E 
14.30°N 67.00°E 
NW Indian Ocean 
Upwelling 22.30°N 60.40°E 
22.30°E 60.40°E 
in this paper) 
8.19°E 0.22 -0.083 0.88 12 0 4000 
0.63 -0.76 0.91 30 0-4000 
(no relation was found; r < 0.03) 
0.65 -0.85 0.986 10 0-1850 
0.68 0.801 8 0 3346 
0.82 0.775 8 0 3551 
0.19 0.047 0.954 8 0 3500 
0.50 -0.49 0.97 14 100-4000 
0.15 -0.054 0.999 4 0-100 
0.87 -1.26 0.96 10 50 3000 
0.16 -0.014 0.97 5 0 50 
Danielsson and Westerlund (1983) 
Nolting et al. (1987) 
Danielsson et al. (1985) 
Danielsson et al. (1985) 
Danielsson et al. (1985) 
Danielsson et al. (1985) 
JGOFS (25 September 1989; PMS, 
Amsterdam) 
JGOFS (27 April 1990; RFN-NIOZ) 
JGOFS (4 June 1990; PMS, 
Amsterdam) 
JGOFS (10 June 1990; PMS-A'dam) 
Statham et al. (1985) 
Boyle et al. (1985) 
Bruland and Franks (1983) 
Sakamoto-Arnold et al. (1987) 
Sakamoto-Arnold et al, (1987) 
Sakamoto-Arnold etal, (1987) 
Yeats and Campbell (1983) 
Olafsson (1983) 
Nolting et al. (1987) 
Boyle et al. (1984) 
Nolting et al. (unpubl.) 
Nolting et al. (1991) 
Orren and Monteiro (1985) 
Martin et al. (1990) 
Bordin et al.(1987) 
Bordin et a1.(1987) 
Nolting et al. (1989) 
Saager et al. (1992) 
Saager et al. (1992) 
Saager et al. (1992) 
Saager et al. (1992) 
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Table 1 (Continued) 
Region Latitude Longitude Cd[nM] = aP[#M] + b r n Depth References 
range 
a b 
South Pacific Ocean 
SW Pacific 52.50°S 178.05°W 0.581 -0.41 0.879 19 0 5271 Boyle et a1.(1976) 
(Geosecs 293) 
Tasman Sea 34.30°S 171.42°E 0.38 0.001 0.97 11 0-866 Hunter and Ho (1991) 
35.50°S 162.40°E 0.29 0.05 0.95 22 0-1793 Hunter and Ho (1991) 
Puyseger Tr. 48.05°S 164.30°E 0.351 -0.237 0.98 34 25-4450 Frew and Hunter (1992) 
North Pacific Ocean 
NE Pacific ~ 35°N ~ 130°W 0.35 -0.068 0.992 34 0-5000 Bruland (1980) 
(3 stations) 
NE Pacific 0.27 -0.048 0.957 35 Martin et al., (1976) 
NE Pacific 0.36 -0.037 Knauer and Martin (1981) 
NE Pacific 30.34°N 170.36°E 0.28 0.054 0.935 21 0-5446 Boyle et al., (1976) 
NE Pacific ~ 47°N ~ 130°W 0.23 -0.042 0.941 21 0 3000 Jones and Murray (1984) 
(2 offshore stations) 
NE Pacific ~ 47°N ~ 126°E 0.36 0.039 0.918 17 0 2000 Jones and Murray (1984) 
(2 inshore stations) 
NE Pacific 50°N 145°W 0.35 0.048 0.974 21 0 4000 Martin et al. (1989) 
(VERTEX VII at station Papa) 
N. Pacific 0.32 0.028 0.995 27 0 2000 Martin et al. (1985, pers. commun., 
1986) 
(VERTEX IV) 
NW Pacific 33.56°N 143.23°E 0.33 0.023 0.961 24 0 2000 Matsunaga nd Abe (1985) 
42.29°N 155.00°E 0.29 0.011 0.938 11 0 600 Matsunaga nd Abe (1985) 
Overall database available upon request from first author (HJWdB). Slope Cd/PO4 is a; intercept isb; r is coefficient of correlation for n 
number of datapoints. Data over complete depth range, except as indicated. Some publications do not contain the actual data of either 
Cd and/or phosphate, in such case the published linear relation is given, in some instances only reported for the combined atasets of 
2 -4 stations within one area. Nitrate values reported by Bordin et al. (1987) were converted to phosphate using the 1/16 Redfield-ratio. 
Unfortunate omissions of values of latitude, longitude, r and n reflect similar omissions in the original publications. Earlier Indian Ocean 
deep-water values (Danielsson, 1980) agree well with our recent estimates (above at 14.30°N, 67°E; Saager et al., 1992) but grouped 
relations for several stations cannot be resolved as phosphate not reported. Data taken from given references. Our JGOFS data reports 
available from the authors. Unpublished Cd values of Vertex IV by pets. commun. (1986), samples were collected as in Martin et al. 
(1985). Excluded were shallow and/or inshore stations (Martin et al., 1976; Boyle et al., 1985; Yeats and Westerlund, 1991) semi- 
enclosed basins (Boyle et al., 1984, 1985; Statham et al., 1985; Westerlund and Ohman, 1991), surface-water sections (Boyle et al., 1981; 
Kremling and Pohl, 1990) and Antarctic values of Orren and Monteiro (1985). The unpublished East Atlantic values of Statham and 
Burton as used in fig. 1 of Boyle (1988) in retrospect suffer from phosphate data being unreliable (Burton, pers. commun., 1993) and are 
here ignored. Data off New Zealand (Frew and Hunter, 1992) listed but not used as phosphate values appear too high. Data off 
Gibraltar (Boyle et al., 1985) and in Gulf of Mexico (Boyle et al., 1984) is listed (was also shown by Boyle, 1988, fig. 1 ) but not used in this 
paper as being from shallow inshore and semi-enclosed basin sites, respectively. 
was  suggested that  the low Cd/PO4 rat io  at  the i r  
s ta t ion  was a c lear  s ignal  o f  Antarc t i c  In termed ia te  
Water  (AA IW)  and  that  Antarc t i c  and  Sub-Ant -  
arct ic  waters  are in f luenced by  a common process  
that  generates  uch low rat ios.  For  the upper  water  
co lumn o f  the Antarc t i c  Ocean proper ,  such low 
rat ios  had  indeed a l ready  been repor ted  (No l t ing  
et al., 1991). Sur face  waters  v i r tua l ly  a lways  show 
lower  Cd/PO 4 rat ios  than  deep waters .  Otherwise  
the phosphate  va lues  as repor ted  appear  about  
10% h igher  than  at  nearby  Geosecs  stat ions.  Th is  
wou ld  exp la in  the ra ther  low Cd/PO4 rat ios  as 
repor ted  and  upon cor rect ion  largely nul l i fy  the 
perce ived inf luence o f  Southern  Ocean waters  on  
the Cd PO4 proper t ies  o f  the g lobal  ocean  (F rew 
and Hunter ,  1992). 
The  more  abundant  datasets  for  the Nor th  Paci-  
fic Ocean genera l ly  reveal  a h igher  Cd/PO4 slope 
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Fig. 1. All available oceanic Cd values [pM] plotted versus corresponding phosphate concentrations [#M]. Pacific as circles, Atlantic as 
diamonds, Antarctic as squares, Indian Ocean as triangles. Datasets for which the deep values fall within the selection criterion for deep 
waters [SD(Cd/PO4)< 10%] are presented as filled symbols, but note that all such data are plotted, i.e. including surface waters. All open 
symbols represent datasets outside this criterion. Crosses represent southeast Pacific dataset of Hunter and Ho (1991) which cannot be 
subjected to this criterion. 
than in the northeast Atlantic Ocean, intercepts are 
quite modest from -0.068 to + 0.054 nM. No clear 
distinction can be made between the western and 
eastern North Pacific regions. Remarkably, in one 
study of the northeast Pacific (Jones and Murray, 
1984) two offshore stations exhibited a lower Cd/ 
PO4 slope (0.23 x 10 -3) as compared to two 
inshore stations (0.36 x 10-3). 
Correlating of properties along a vertical profile, 
intersecting various distinct water masses, is to be 
viewed with caution. Notably at stations from 
several publications, the significant coefficient of 
correlation results at least partly from the fact 
that a cluster of near-zero surface water values 
was combined with a cluster of high deep water 
values. Combination of such non-Gaussian popu- 
lations into one linear regression isquestionable. In
the Southern Ocean one finds the opposite. Here, 
high levels of nutrients (i.e. phosphate) and Cd are 
maintained also in the surface waters (Nolting et 
al., 1991), in other words the near-zero endmember 
is missing and the overall coefficient of correlation 
at first glance appears less significant han in the 
oligotrophic gyres of the temperate zones (Table 1). 
Summarizing, the compilation of regional slopes 
and non-zero intercepts provides some clues, but 
does not yield a distinct worldwide relation. 
3. Towards a global description 
Combination of all currently available data into 
one plot (Fig. 1) shows a broad trend of Cd versus 
phosphate. Upon rejecting outliers (open symbols 
for stations where the deep water Cd/PO4 ratio has 
a mean value with standard eviation exceeding 15 
percent, see below, section 4), the selected coherent 
data (filled symbols; for all depths, i.e. including 
surface waters) provides a quasi-linear trend 
throughout he water column of all oceans. The 
gap in the ,-~ 1.5 < PO4 < "~ 2.0 interval is due to 
the virtual absence of data from temperate zones in 
the Southern Hemisphere. This gap is somewhat 
filled by one southeast Pacific dataset (Hunter 
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Fig. 2. The datasets  of  Cd  [pM] versus phosphate  [#M] plotted for each ocean on its own,  only the selected ata  is shown (filled symbols)  
fo l lowing the cr i ter ion for the whole water  co lumn.  At lant ic  t rend further  supported with addit ional  inshore stat ion off G ibra l ta r  ( + ) 
and  a stat ion in the semi-enclosed Gu l f  o f  Mexico ([3). 
and Ho, 1991) which somehow escapes the outlier 
criterion and is therefore shown as crosses (Fig. 1). 
Plotting the same data separately (Fig. 2) leaves 
us with strictly Northern Hemisphere stations for 
the Pacific Ocean, exhibiting remarkable linearity 
throughout the water column• At low PO 4 < 0.2 
#M in surface waters, there is no Cd detectable 
anymore, which indicates preferential removal of 
Cd versus phosphate• Linearity is also observed 
in the North Atlantic Ocean (O), further 
enhanced when illustrated with an inshore station 
near Gibraltar, as well as one station in the semi- 
enclosed Gulf of Mexico• The slope of this trend is 
below that of the Pacific Ocean in the same con- 
centration range (Bruland and Franks, 1983)• 
Notice also the lack of South Atlantic data. 
Finally the small datasets (filled symbols) for the 
Indian and Antarctic Oceans both exhibit their 
own unique trends• These waters, as well as the 
Southern Hemisphere in general, are to be studied 
further• 
4. The global description of deep waters 
In order to arrive at a meaningful global 
description, it is better to ignore the upper ocean 
(< 1000 m) and strictly rely on deep water distri- 
butions. This becomes obvious from plotting the 
molar Cd/PO4 ratio as a function of depth, as illus- 
trated for four stations selected to represent the 
major ocean basins (Fig. 3). The vertical profile 
of the Cd/POa-ratio exhibits rapidly increasing 
values from the surface waters into the thermo- 
cline and uniformly higher values in deep waters, 
in fact resembling the individual profiles of Cd and 
PO4 respectively, of which the ratio Cd/PO4 was 
derived. We plotted the depth profiles of Cd/PO4 
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Table 2 
Averaged eep water concentrations of dissolved Cd, PO4 and Cd/PO4 ratio, including absolute and relative (for Cd/PO 4 in %) standard 
deviations 
Latitude/' References n Depth Cd SDcd PO 4 SDpo 4 Cd/P gDcd/p % 
Longitude (m) (pM) (#M) (pM/#M) 
Atlantic 
82.3°N, 43.6°E Danielsson and Westerlund, 1983 5 600 3400 202 12.8 0.88 0.10 231 21.3 9.2 
65°N, I°W Danielsson et.al., 1985 4 500-2000 195 5.8 1.07 0.02 182 9.4 5.2 
59°N, 20°W Danielsson et al., 1985 4 500-2000 230 16.3 1.21 0.11 190 16.2 8.5 
48.T'N, 20°W Danielsson et al., 1985 5 1000 2700 253 30.1 1.25 0.05 202 19.0 9.4 
35.4°N, 71.5°W Sakamoto-Arnold etal., 1987 7 850 3000 245 22.0 1.16 0.13 212 10.0 4.7 
36.4°N, 73.5°W Sakamoto-Arnold etal., 1987 9 350 2000 274 26.1 1.27 0.10 215 13.5 6.3 
34°N, 66'-W Bruland and Franks, 1983 5 I000 2960 286 29.3 1.23 0.08 233 11.5 4.9 
33°N, 20°W JGOFS (25 September 1989; PMS, 
Amsterdam) 4 1200 2500 205 35.0 1,23 0.07 166 18.5 I1.1 
33°N, 20°W JGOFS (27 April 1990, RFN, NIOZ) 11 1500 4500 293 47.3 1.47 0.14 198 18.9 9.6 
58.30°N, 20.30°W JGOFS (4 June 1990, PMS, 
Amsterdam) 7 800 2500 233 6.3 1.23 0.04 195 16.5 8.5 
47°N, 20°W JGOFS (10 June 1990, PMS, 
Amsterdam) 7 1000-4500 287 42.9 1.39 0.15 205 12.2 5.9 
53°N, 50°W Yeats and Campbell 1983 18 191-3550 334 45.7 1.29 0.03 259 36.9 14.2 
50°N, 50°W Yeats and Campbell, 1983 11 500-4200 361 49.2 1.30 0.05 278 37.9 13.6 
45°N, 50°W Yeats and Campbell, 1983 16 500-4310 392 94.0 1.33 0.08 296 73.4 26.8 
6.3°S, 8.2°E Nolting et al. (unpubl.) 7 500-4000 385 88.2 1.96 0.38 197 31.5 16.0 
Off Gibraltar 
36°N, 7°W Boyle et al., 1985 7 450-730 (226) (33.9) (1.03) (0.10) (218) (15.7) (7.2) 
Gulf of Mexico 
24.1°N, 84.5°W Boyle etal. 1984 4 1000-3390 (400) (15.5) (1.71)(0.10) (234) (5.9) (2.5) 
Antarctic 
57°S, 49°W Nolting et al., 1991 23 300-4000 691 71.2 2.29 0.09 299 27.4 9.2 
60.5°S, 63.3"W Martin et al., 1990 7 200-1850 735 62 2.45 0.10 300 16.0 5.3 
Indian 
14.3~'N, 67E  Saager et al., 1992 10 700-4000 736 67 2.41 0.15 305 15.7 5.1 
22.3°N, 60.4°E Saager et al., 1992 5 800 3000 1004 75.4 2.59 0.13 388 11.2 2.9 
10.7cS, lI2"E Nolting et al., 1989 4 750 2500 620 95.9 2.75 0.36 213 23.0 10.8 
Pacific 
30°N, 170°W Boyle et al., 1976 12 900-5500 794 152.0 2.68 0.28 295 40.8 13.8 
53~N, 170°W Boyle et al., 1976 13 500 3700 1066 59.5 2.93 0.09 363 16.4 4.5 
52.5°S, 178°W Boyle et al., 1976 14 1100 5200 854 128.0 2.14 0.08 397 59.7 15.0 
36°S, ~ 164°E Hunter and Ho, 1991 20 1083-1793 (650) (84.3) (2.20) (0.22) (296) (19.6) (6.6) 
48.05°S164.30°E Frew and Hunter, 1992 19 1000-4450 595 58 (2.34) (0.124) (254) (15.5) (6.1) 
37°N, 123.5°W Bruland et al., 1978 7 600-2500 914 93.5 3.12 0.22 301 15.4 5.1 
32.4°N, 145°W Bruland, 1980 10 800 4800 895 87.2 2.79 0.31 322 14.9 4.6 
37°N, 124°W Bruland, 1980 11 490 3900 973 78.5 3.03 0.22 322 10.3 3.2 
36.5°N, 122.5°W Bruland, 1980 7 580-2250 996 74.5 3.04 0.14 326 10.7 3.3 
36.5°N, 123°W Knauer and Martin, 1981 5 500-2000 1078 10.9 3.09 0.15 349 15.0 4.3 
28°N, 155°W Martin et al., 1985 12 700-2200 1021 35.8 3.25 0.12 314 16.7 5.3 
50°N, 145°W Martin et al., 1989 14 300 4000 948 62.2 2.90 0.20 328 9.6 2.9 
47°N, 126°W (st. 2) Jones and Murray, 1984 4 400-1200 1062 163.0 3.23 0.06 329 51.8 15.7 
47~N, 130°W (st. 5) Jones and Murray, 1984 6 600 3000 657 113.0 3.09 0.17 209 31.6 15.1 
4T'N, 130°W (st. 7) Jones and Murray, 1984 4 600 1600 742 204.0 3.26 0.12 222 66.0 29.7 
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Fig. 3. Examples of the vertical distribution of the ratio Cd/PO4 
[pM/#M] at selected stations in the North East Atlantic 
(JGOFS), northwest Atlantic (Bruland and Franks, 1983), Ant- 
arctic (Martin et al., 1991) and northeast Pacific (Bruland, 1980) 
Oceans. 
for all available datasets and found this to be the 
common trend at individual stations (not shown). 
Similar shifts in metal/nutrient ratio have also been 
found for other elements, e.g. Ni and Zn versus 
silicate (Saager et al., 1992). When removing the 
upper water column (< 1000 m) from the dataset, 
we also remove the very surface waters. There, 
levels of Cd and phosphate often are very low, 
for some stations near the detection limit, so that 
for some (but not necessarily all) datasets the pre- 
cision is not as good as for deeper waters. As a 
matter of fact the same applies for global assess- 
ment of the nutrients nitrate and phosphate 
(Fanning, 1992). By removing the surface waters 
data, the precision of the remaining dataset as 
used below would therefore have improved. 
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Fig. 4. The individual datapoints of deep (> I000 m) water Cd 
[pM] at selected stations [SD(Cd/PO4)< I0%] plotted versus 
deep water concentration of phosphate [#M]. Two distinct clus- 
ters with separate linear regressions (middle lines) with 9% 
confidence intervals. (inner pairs of curves) Predictability inter- 
vals at 9% confidence l vel (outer pairs of fines) for predicting 
the band width of Cd from a given value of phosphate. Dotted 
line would represent one single linear regression of all data- 
points. Recent values for the South Atlantic Ocean (Yeats, 
pers. commun., 1993) would tend to fill the gap between the 
two clusters, i.e. help justify the single dotted fine regression. 
The recently reported South Pacific station of Frew and Hunter 
(1992) has not been plotted; however, upon downward adjust- 
ment of its phosphate values towards those of nearby Geosecs 
stations its deep values (> 1000 m) would have fitted the higher 
(PO 4 > 2/~M) cluster very well. 
For many stations, the deep water value of Cd/ 
PO a is very uniform (Fig. 3), yet for several other 
stations the ratio Cd/PO 4 in the deep water 
exhibited considerable scatter (Table 2). This is 
attributed to either natural variability or limita- 
Depth criterion is defined as depth below the nutricline. After plotting the complete Cd/PO4-ratio vs. depth profile we selected those 
datapoints which are clearly below the maximum value of Cd/PO 4, the latter typically situated at about 500 1000 m depth (see Fig. 4). 
For those datapoints we calculated the mean value and standard eviation. Datasets for which the standard eviation of the Cd/PO 4 
ratio was less than 10% were selected for the plot in Fig. 4 of Cd vs. PO 4 for samples below 1000 m depth, Most stations of Hunter and 
Ho (1991) are unusual as they show both Cd and phosphate to increase regularly with depth, not unlike a typical silicate profile. The 
deep (> 1000 m) data of individual stations does not yield uniformity of the Cd/PO4-ratio. For illustration only the five stations (55, 57, 
60, 62, 67) of Hunter and Ho (1991) were combined, then the Cd/P-ratio is fairly uniform with depth, however both Cd and PO 4 increase 
with depth, invalidating the above mean values which therefore are in brackets. Data off New Zealand (Frew and Hunter, 1992) not used 
as mean PO 4 at 2.34/~M appears too high; upon correction towards ~ 2.14 #M at nearby Geosecs St. 280 the ensuing Cd/P = ~ 278 pM/ 
#M would nicely fit the global trend. Inshore station off Gibraltar is shallow such that Cd and PO4 only in upper ocean where both 
increase with depth, again invalidating their mean values therefore in brackets; also all data < 1000 m hence not used. Four datapoints in
deep Gulf of Mexico not used as this is semi-enclosed basin. 
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Fig. 5. Deep water ratio Cd/PO 4 [pM/#M l for individual 
samples at selected stations [for which SD (Cd/PO4)< 10%] 
plotted versus AI4c (%0) at nearby Geosecs tations (Ostlund 
et aI., 1987). 
tions of analytical reproducibility in the values of 
Cd and/or phosphate. Not being able to make a 
firm decision on either of the two latter options, 
we arbitrarily selected only those stations with 
very uniform deep water ratios of Cd/PO 4, using 
a standard eviation of 10% as the criterion. The 
dataset thus obtained is undoubtedly of high 
quality, without necessarily suggesting that the 
rejected ata is of poor analytical quality (Table 2). 
Preferably, one would determine the Cd/PO4- 
ratio from relating Cd versus PO4 of samples 
taken in well-defined eep water masses only, not 
unlike the treatment of phosphate versus other 
tracers within one coherent dataset (Broecker et 
al., 1985). This requires careful analysis of the 
hydrography at each station. However, most pub- 
fished Cd datasets are brief on hydrography. The 
pragmatic, admittedly less elegant, approach is to 
simply define all waters below 1000 m depth as 
definitely belonging to the deep thermohaline cir- 
culation, with the disadvantage of excluding some 
data from intermediate, yet still thermohaline 
driven, waters. In Fig. 4, the selected deep 
(> 1000 m) values are shown; note that for 
stations in the Arctic Atlantic Ocean and the 
Antarctic Circumpolar Current (Martin et al., 
1990; Nolting et al., 1991) data from the whole 
water column were plotted. Both polar regions 
are exceptional as they provide the source waters 
for the deep oceans. The Southern Ocean (covering 
about 10% of the world oceans) is exceptional so 
for another eason, namely that values of nutrients 
(i.e. PO4)  and Cd are very high in the surface waters 
(Nolting et al., 1991). 
Some distinct groupings were found (Table 2; 
Fig. 4). The deep North Atlantic Ocean falls in a 
cluster with a typical Cd/PO4 ratio of ~ 0.2 x 10 -3 
at about 1.2 #M phosphate. Deep waters of the 
North Pacific Ocean cluster around Cd / 
PO4=~0.33  x 10 3 at PO 4 = ,--~3.0 #M.  In 
other words, the older (lower AI4C) North Pacific 
deep water has a Cd/PO4 ratio some 65% higher 
than that of the North Atlantic deep water (Fig. 5). 
The deep waters of the Antarctic and Indian 
Oceans (Table 2), with intermediate age (and phos- 
phate contents; Broecker et al., 1985) fall neatly in 
between North Atlantic and North Pacific deep 
waters (see also Fig. 5). The northwest Indian 
Ocean upwelling site exhibits a remarkably high 
Cd/PO4-ratio f 0.388 x 10 -3. 
Clearly, more data would be desirable for other 
regions, yet the currently available distribution is 
obviously bimodal (Fig. 4). For linear regression 
ranking of the data according to estimated values 
yields an auto-correlation coefficient of 0.41 of the 
residuals, significantly (P < 0.01) different from 
zero. In other words, it would be inappropriate to 
describe the two dataclusters by a single linear 
relationship. In fact, the cluster of selected eep 
North Atlantic stations (all data with 
PO4 < 2 MM) follows the relationship: 
Cd = (0.065) + (0.148 x 10~ 3) × PO4 r = 0.74 
(4) 
suggesting lower ratios in analogy to the earlier 
relation (2). For the other cluster of high values 
(PO 4 > 2 #M in Fig. 4), one finds: 
Cd = (-0.145) + (0.375 x 10 3) x PO 4 r = 0.85 
(5) 
This 1s remarkably consistent with the now 
obsolete relation (3) for the then used cluster of 
high values (PO 4 > 1.3 #M) in both thermocline 
and deep (mostly North Pacific) samples. Judging 
from the prediction intervals, a given phosphate 
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Fig. 6. Plot of Cd versus PO 4 for all (non-selected) individual 
samples for deep waters (> 1000 m) only. However, for the 
Arctic Atlantic Ocean all data from the whole water column 
was plotted. Linear regression (middle line) with 95% confi- 
dence interval. (curves). Predictability intervals at 95% and 
80% confidence l vel, respectively (outermost and outer sets of 
lines) for predicting the band width of Cd from a given value of 
phosphate. 
yields a predicted Cd with an uncertainty of about 
±100 pM in the deep Atlantic and about -4-200 pM 
in the Indo/Antarctic/Pacific at the 95% confidence 
level. 
If, however, one ignores the bimodal distri- 
bution, then linear regression yields the overall 
relation: 
Cd = (-0.259) + (0.413 × 10 -3) × PO 4 r = 0.97 
(6) 
(5) for akin to the above relations (3) and 
POa > 1.3 #M and PO4 > 2 #M, respectively. 
For a given concentration of phosphate the corre- 
sponding Cd concentration then would be pre- 
dicted with an uncertainty (not shown) of about 
+150 pM at the 95% confidence level (or +90 
pM when satisfied with an 80% confidence). 
Whether or not the current bimodality is a real 
oceanic feature, can only be assessed upon addition 
of intermediate datasets, most notably from the 
temperate Southern Hemisphere oceans for which 
virtually no data exists. For example, unpublished 
values of the South Atlantic Ocean (Yeats, pers. 
commun., 1993) would tend to fill the gap. This is 
also true for the data offNew Zealand (Hunter and 
Ho, 1991) which as mentioned escapes our outlier 
criterion. 
Currently the bimodality is a fact, in oceano- 
graphic terms this would mean that the biogeo- 
chemistry and circulation of the Atlantic Ocean is 
distinct from that of the Indo/Pacific/Antarctic 
Oceans. This distinction might well be attributed 
to the additional strong signal (Cd as well as 
PO4)  of deep water formed in the Weddell Sea 
(see below, section 5). 
For comparison, we also simply plotted all deep 
( > 1000 m) values as well as all polar values with- 
out any selection. Here, we find more spread in the 
data (Fig. 6) but otherwise the similar bimodal 
distribution with the relationship 
Cd = (0.046) + (0.185 x 10 3) x PO4 r = 0.706 
(7) 
for PO4 < 2#M and 
Cd = (0.125) + (0.267 x 10 -3 ) × PO4 r = 0.625 
(8) 
for the other cluster of high values (PO 4 > 2 #M). 
The recent observations of the Tasman Sea 
(Hunter and Ho, 1991) are unusual as they show 
a steady increase of both Cd and phosphate with 
depth. For this reason, they had dropped out of the 
earlier selected ataset (Fig. 4) but otherwise tend 
to fill the gap between the two data clusters (Fig. 5), 
illustrating the need for more Southern Hemis- 
phere data. [Similarly the four deep samples 
(crossed squares in Fig. 2) from the semi-enclosed 
Gulf of Mexico would have helped bridging the 
gap]. 
For the overall dataset one would find: 
Cd -- (-0.137) + (0.356 × 10 -3) × PO4 r = 0.93 
(9) 
In this case for a given concentration of phosphate 
the corresponding Cd concentration would be pre- 
dictable with an uncertainty of about i210 pM at 
the 95% confidence level (Fig. 6). When satisfied 
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Fig. 7. Plot of Cd versus PO 4 for the deepest (bottom water) 
samples only at various oceanic stations (O) with linear regres- 
sion (middle line). Linear regression with 95% confidence inter- 
val (curves). Predictability intervals at 95% and 80% confidence 
level, respectively (most outer and outer pairs of lines) for pre- 
dicting the band width of Cd from a given value of phosphate. 
Shown for comparison is the additional dataset for the Weddell 
Sea of Nolting et al. (1991) and Westerlund and Ohman (1991) 
(z~) as well as the FIS envelope of the Filchner Ice Shelf water 
data field of Westerlund and Ohman (1991). 
with only 80% confidence the predictability is 
better at about +180 pM. Omission of the polar 
datasets (not shown) would yield: 
Cd = (-0.183) + (0.376 x 10-3)PO4 r = 0.92 
(1o) 
which does not deviate greatly from above relation 
(9). For a given concentration of phosphate, the 
corresponding Cd concentration would have an 
uncertainty of about +220 pM and +160 pM at 
the 95% and 80% confidence l vel, respectively. 
5. Source and bottom waters 
There is evidence that the Cd/Ca elemental ratio 
in shells of benthic foraminifera may reflect 
ambient PO4 in todays bottom waters, with the 
underlying mechanism relying on the assumed 
Cd-PO4 relation in these waters (Boyle, 1988). 
For this purpose, it would be adequate to define 
the latter relation for bottom waters only. Of 
course, the overlying deep waters, through rapid 
lateral mixing along isopycnal surfaces, are also 
in contact with the seafloor benthic community, 
namely at the slope region of the ocean margins. 
Yet in section 4 above the deep waters were already 
included; here we restrict ourselves to abyssal 
bottom waters, with some reference to their source 
waters in the Weddell Sea and the northernmosl 
North Atlantic Ocean. 
When plotting only the deepest (bottom) sample 
for each station (Fig. 7), we find a reasonable 
relation with phosphate. For a given phosphate, 
the predictability of Cd is +270 pM and +170 
pM at the 95% and 80% confidence l vel, respec- 
tively, i.e. far worse when compared with the above 
treatment of selected (SD < I0%) deep water 
samples. Otherwise the corresponding Cd/PO 4 
ratio: 
Cd = (-0.190) + (0.388 x 10 .3 ) x PO4r = 0.88 
(11) 
is akin to the ratio found in the other treatments of
the global dataset (Eqs. 6, 9, 10). 
Within the same graph we plotted the fields of 
values (Nolting et al., 1991; Westerlund and 
Ohman, 1991) for the southern source waters, 
that is the various water masses (Filchner Ice 
Shelf Water [FIS or ISW], Warm Deep Water 
[WDW], Antarctic Bottom Water [AABW], 
Weddell Deep Bottom Water [WDBW]) in the 
Weddell Sea. Mixing of ISW and upwelling 
WDW yields WDBW, which sinks to the bottom 
and, upon admixture with overlying AABW, even- 
tually serves as the major southern source for the 
deep ocean circulation. In general, these Weddell 
Sea waters show highly variable relations of Cd 
and phosphate. For their complete dataset, Wester- 
lund and Ohman (1991) reported the relation: 
Cd = (-0.105) + (0.31 x 10 -3) x P04 r ~ 0.58 
(12) 
where the poor correlation illustrates the large 
variability. They mentioned that recalculation of 
the regression line with samples divided into differ- 
ent water masses or geographically (i.e. by station) 
does not give a better fit. When selecting only the 
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AABW data, Westerlund and Ohman (1991) could 
not discern a linear relation (Fig. 7). Despite the 
variability, the AABW can be viewed as a point 
source with Cd=0.7+0.2  nM, PO4 : 2.34-0.2 
#M and Cd/PO4 = ~0.3 x 10 -3 . 
Within the Circumpolar Current proper, these 
Weddell source waters mix with source waters of 
northern origin which contain much less (Atlantic), 
or similar (Indo/Pacific) levels of Cd and phos- 
phate. The resulting deep water signals of both 
Cd (0.7+0.07 nM) and PO4 (2.44-0.1 /zM) 
become remarkably more uniform, judging from 
our deep station at 57°S, 49°W in the Circumpolar 
Current (Scotia Sea; Nolting et al., 1991 in Table 2; 
in keeping with the 200 1850 m interval of Martin 
et al., 1990 in Table 2). The absolute values of both 
Cd and phosphate in the Circumpolar Current 
appear compatible with a mixture consisting of 
about 45% Antarctic Bottom Water, 25% deep 
northern Atlantic and 30% intermediate Indo- 
Pacific waters, as previously assessed from the 
global Geosecs/TTO phosphate dataset (Broecker 
et al., 1985). 
When eventually traveling northwards in the 
Pacific and Indian Oceans, these waters may 
receive a consistent Cd/PO 4 input from the con- 
tinuous regenerative additions within those 
basins. This would, however, be relatively modest 
as the highest concentrations of Cd (~ 1.1 nM) and 
PO 4 (~ 3.5/zM) of oldest deep waters (Figs. 4, 6, 7) 
exceed the above levels (Cd=0.7 nM and 
PO 4 = 2.4 #M) in the deep Scotia Sea with only 
about 40%. 
Similarly, we noticed earlier that the deep north- 
ern source waters of the (sub)Arctic Atlantic Ocean 
(north of the Scotland-Iceland-Greenland sills) 
commonly show little or no relation between Cd 
and PO4; whenever a relation is discerned the 
ratio is usually low at about 0.2 x 10 -3 (Table 2). 
Also, these northern source waters generally carry 
low levels of Cd and phosphate, in contrast with 
the southern (Weddell Sea) source waters. Hence, it 
might be argued that, due to these low levels, the 
northern source waters contribute little to the glo- 
bal inventory of Cd and PO 4 in bottom waters, this 
in contrast with the Weddell Sea source term. With 
respect o the Cd/PO4-ratio this implies that the 
deep Atlantic basin is a distinct province, well dis- 
tinguished from the Cd/PO4-ratio in other basins 
due to the strong Weddell Sea contribution. 
6. Biogeochemical cycling of Cd versus phosphate 
There are different, and evolving, perspectives on 
the true nature of ocean circulation, on the 
mechanisms of biogeochemical cycling and, last 
but not least, on the proper statistical treatment 
of field observations. Nevertheless, the above 
approach strongly suggests that the Cd/PO4 ratio 
increases with the age of the deep water (Fig. 5). 
For the apparent fractionation of Cd versus PO4 
several mechanisms can be envisioned. Firstly, the 
microplankton i  surface waters may accumulate 
and remove Cd more efficiently than PO4. 
Secondly, mineralization i intermediate and deep 
waters may be different for Cd, i.e. Cd input is 
relatively slower/faster than input of PO 4. 
Thirdly, the mineralization in surface sediments 
(early diagenesis) may be more or less favourable 
for mobilization of Cd versus PO 4. In coastal mar- 
gin sediments early diagenesis leads to decoupled 
levels of Cd and phosphate (Gobeil et al., 1987). 
Decoupling of Cd and phosphate was found in the 
suboxic layer of the northwestern Indian Ocean 
(Saager et al., 1992) as a proxy for suboxic pore 
waters. On the other hand, deep-sea sediments 
generally are well oxygenated and diagenetic 
fluxes of Cd and phosphate deemed small (Klink- 
hammer et al., 1982; Jahnke et al., 1989). 
From tracer distributions in the deep ocean one 
cannot distinguish between mineralization within 
ocean waters and mineralization i  surficial sedi- 
ments. For example, in-situ mineralization i  the 
thermocline region may be augmented by lateral 
transport from a source in shelf and slope sedi- 
ments at the ocean boundary. On the other hand, 
the depth distribution of tracers may serve as a 
guide for the depth distribution of the source 
function. Here, Boyle (1988) suggested that Cd is 
mineralized somewhat deeper than phosphate. 
The most straightforward explanation would be 
that Cd is removed more efficiently from surface 
waters than phosphate. The settling biogenic mat- 
ter would carry a high Cd/PO4 signal, which upon 
mineralization would drive up the deep dissolved 
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Cd/PO4-ratio. The depleted surface waters would 
retain a very low Cd/PO4-ratio (Fig. 3). The excel- 
lent dataset recently reported (Sherrell, 1989) on 
particulate Cd concentrations in the northwest 
Atlantic and northeast Pacific Oceans appears con- 
sistent with this description, as is further outlined 
below. 
Within the Atlantic Ocean, the Cd/PO4-trends 
are modest at best. The deep Iceland-Greenland 
basin source waters carry very little Cd (~ 195 
pM) and phosphate (~ 0.88-1.07 /~M) with an 
overall ratio of (~0.2 x 10 -3 (Table 2). In the 
northwest Atlantic Ocean the particulate Cd/PO4 
ratio of about 0.08 x 10 -3 in the surface waters 
(Sherrell, 1989) exceeds the dissolved ratio of 
about 0.067 x 10 -3 in surface waters. This hints 
at preferential removal of Cd, i.e. upon mineral- 
ization at depth the dissolved Cd/POa-ratio 
would be expected to increase. The dissolved 
ratio does increase with depth to about 
0.23 x 10 -3 in the North Atlantic Deep Water 
(Fig. 3), although the latter value barely exceeds 
the ratio of the deep Iceland-Greenland source 
waters. Absolute concentrations of Cd and PO4 
have, however, increased to about 286 pM and 
1.27 #M, respectively. The one South-Equatorial 
Atlantic station may again suggest higher levels 
of Cd (~ 385 pM) and PO 4 (~ 1.96 #M), but the 
ratio is actually lower at 0.197 x 10 -3. Here, the 
paucity of South Atlantic data is felt. However, 
the Circumpolar Current shows a steep elevation 
of both absolute concentrations (Cd = 691-735 pM 
and PO4 = 2.29-2.45 #M) and Cd/PO4-ratio (0.30 
x 10-3), the enhancements largely caused by the 
admixture of Weddell Sea derived water which 
carries high Cd and PO 4 contents (Fig. 7). 
Finally, the very high Cd/PO4-ratios of 1.0- 
1.5 x 10 _3 reported for particles in northeast 
Pacific surface waters would, upon deeper 
mineralization, be able to further enhance the 
Cd/PO4-signal to the typical deep North Pacific 
ratio of about 0.33 x 10 -3 at absolute concen- 
trations of Cd = ~900-1100 pM and PO4 = 
2.9-3.2 #M. 
The above interpretation needs further investiga- 
tion, most notably the underlying chemical 
mechanism needs to be resolved. Nevertheless, 
the apparent fractionation ofCd versus PO 4 resem- 
bles the preferential biogeochemical removal of 12C 
versus 13C from surface waters being the better 
understood cause of the also more accurately docu- 
mented eep water distribution of the isotopic ratio 
12C/13C (better known as ~3C/~2C). Obviously the 
analogy is imperfect. The 13C/12C ratio is also 
affected by air-sea gas exchange, whereas for Cd/ 
PO4 the underlying chemical mechanisms are not 
known and the dataset smaller with lower 
precision. 
Saager and De Baar (1993) assessed the likeli- 
hood of the various mechanisms for fractionation 
of Cd and PO4 with a metal-nutrient simulation 
model. In brief, they found that preferential 
removal of Cd by biota in surface waters leads to 
better esemblance to the oceanic distributions of 
Cd and PO4 and also yields the significant negative 
Cd intercept at PO 4 = 0 in the global deep water 
relationship (e.g. Eq. 6 for dotted line in Fig. 4). 
This appears consistent with the findings for the 
couple Ge/Si which in itself represents he oppo- 
site case of Cd/PO4. Here, Froelich et al. (1989), 
following Murnane and Stallard (1988), invoked 
discrimination against Ge during removal from 
surface waters for consistency with the observed 
positive Ge intercept at Si = 0 in the global rela- 
tionship. Alternatively, Saager and De Baar (1993) 
also explored the deeper egeneration scenario for 
Cd as proposed by Boyle (1988). Briefly, this also 
yields a reasonable, but slightly less adequate fit to 
the oceanic distributions. For the deep water 
(> ~ 1000 m) at each given station this would 
lead to an increase of the Cd/PO4-ratio with 
depth, analogous to the increasing Si/PO4-ratio 
with depth, hinting at deeper regeneration of 
silicate versus phosphate. However, for all stations 
we hardly ever found the deep Cd/PO4-ratio 
increasing with depth (the stations off New Zeland 
of Hunter and Ho, 1991 being the notable 
exception). At almost all individual stations, the 
Cd/PO4-ratio in the deep water (> 1000 m) is con- 
stant with depth; only by comparing deep stations 
we did find an increase with time (age). 
Summarizing oceanic fractionation of Cd and 
PO 4 is a prerequisite for realistic model simula- 
tions. Fractionation during uptake appears more 
convincing when comparing the admittedly small 
oceanic dataset (this work) with a simple model 
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(Saager and De Baar, 1993). Fractionated miner- 
alization of Cd at greater depth is not entirely 
consistent with the field data, but cannot be ruled 
out either since we realize that the model is not yet 
fully constrained ue to the very small Cd-PO4 
dataset. 
The only other way to maintain distinct differ- 
ences between ocean basins would be by relying on 
very different overall oceanic residence times of Cd 
and phosphate, with both residence times also to be 
in the same order as the interoceanic mixing time 
(500-1500 yr). However, the overall oceanic resi- 
dence times of phosphate and Cd are long com- 
pared to interoceanic exchange, and at similar 
regeneration depths the distributions would have 
to be, and indeed are, quite similar (as is also the 
case for nitrate versus phosphate). For phosphate, 
the oceanic residence time is in the order of 100,000 
yr. Depending on the selected rate term (e.g. river 
input, scavenging removal) and its chosen value the 
residence time estimates of Cd range from 18,000 to 
177,800 yr (Balistrieri et al., 1981; Martin and 
Whitfield, 1983; Boyle, 1988). 
After all, the Cd/POa-ratio in surface waters is 
almost always lower than in underlying thermo- 
cline and deep waters (Fig. 3). The very low Cd/ 
PO4-ratio of about 0.16 x 10 -3 in coastal waters 
off Oman (Table 1) at the peak of the upwelling 
season is well below the ratio (0.305- 
0.388 x 10 -3) in the underlying source waters 
(Table 2), indicative also of efficient stripping of 
Cd out of the surface waters, Summarizing, our 
proposed hypothesis of preferential removal of 
Cd from surface waters appears best in keeping 
with the currently available, limited, global dataset. 
There are also some independent lines of evi- 
dence supporting Cd/PO 4 fractionation i surface 
waters (albeit not necessarily pointing at higher 
Cd/PO 4 in particles). Kremling and Pohl (1990) 
reported very different Cd/PO 4 ratios for summer 
and winter in northeast Atlantic surface water sec- 
tions, implying seasonal variation in the removal 
and regeneration of Cd versus phosphate. On the 
other hand, the corresponding data for phosphate 
and nitrate were tightly coupled (Kremling and 
Pohl, 1990). In culture experiments it was shown 
that Cd-PO4 removal from seawater is dependent 
on the plankton species as well as on the existing 
Cd/PO4 relation in the euphotic zone (Abe and 
Matsanagu, 1988). Finally, recent laboratory stu- 
dies provided evidence towards biochemical substi- 
tution of Cd for Zn in marine diatoms at very low 
ambient Zn activities (Price and Morel, 1990). 
Whether or not this also applies to other marine 
algae is not yet evident. Also, variations of ambient 
Zn levels and speciation (Donat and Bruland, 
1990) would exert a major control. Implications 
for the field are therefore not certain. Yet, the over- 
all impact of this truly biochemical role of Cd on its 
large scale geochemical cycling would be less con- 
sistent han for the absolutely essential, hence more 
tightly coupled, nitrate and phosphate (Fanning, 
1992). 
7. The present as a key to the past? 
One major reason for studying the modern 
relationship between Cd and PO 4 is its crucial 
role in interpretation of a paleoceanographic 
tracer. Throughout he past decade evidence was 
found in the sedimentary ecord for distinct links 
between shifts of the Cd/Ca elemental ratio in fossil 
shells of mostly benthic foraminifera, with shifts in 
the isotopic signatures 13C/12C and 180/160 of the 
same shell material (Boyle and Keigwin, 1982, 
1985, 1987; Boyle, 1988). This intriguing record 
of the Cd/Ca-ratio may serve as a paleoceano- 
graphic tracer, e.g. for paleo-Cd or paleocircu- 
lation. This application hinges on at least one 
inherent requirement: 
(I) The distribution coefficient of Cd between 
seawater and foraminifera shells is uniform and 
well-defined 
In addition, the Cd/Ca-record has often been 
interpreted as a proxy for paleoceanographic 
distributions of the nutrients, notably phosphate 
(Boyle, 1986, 1990; Curry et al., 1988; Duplessy 
et al., 1988; Broecker and Denton, 1989; 
Duplessy and Labeyrie, 1989; Lea and Boyle, 
1989, 1990; Delaney, 1990). Presumably fossil 
shells can be used to infer nutrient distributions 
in ancient oceans (Boyle, 1988). Latter application 
hinges on the above as well as a second inherent 
requirement: 
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(II) The seawater ratio of Cd/PO 4 is constant 
throughout the worm ocean and throughout 
geological time 
It is noted that the modern oceanic relation of 
Cd-PO 4 has been applied incorrectly as evidence in 
support of both requirements (I) and (II) simul- 
taneously. Below we will unravel this matter by 
first (section 7.1) looking at requirement (II) and 
then (section 7.2) at requirement (I). Recommen- 
dations are given for the correct route for vali- 
dation of both requirements. 
7.1 The seawater ratio 
The previous ections 1-6 all underline the con- 
cept of the deep Cd/PO4-ratio increasing with age 
of the water mass. Obviously, this implies that the 
general oceanic circulation as it exists today is 
crucial for the modern distribution of the Cd/ 
PO4-ratio. Most likely, this paradigm holds 
throughout geological time, i.e. at periods with 
different circulation, the resulting distribution of 
the Cd/PO4-ratio would also be different. For 
example, during a glacial period the (partial) ces- 
sation of North Atlantic deep water formation 
(Broecker and Denton, 1989) would reduce deep 
circulation and the average age of the deep water 
may well have been about twice that of today 
(Shackleton et al., 1988). 
Conceivably, the deep Cd/PO4-ratio would in 
general also have been different during a glacial 
period (Fig. 4). Also, the often suggested higher 
biological productivity during a glacial period 
would further enhance the surface ocean fractiona- 
tion of Cd versus PO4, i.e. further enhance the shift 
of the deep water Cd/PO4-ratio. These hypotheses 
were recently tested with a multibox model, where 
it was shown that during a glacial the deep water 
Cd/PO4 ratios of different ocean basins tend to 
merge to a much narrower ange than in the cur- 
rent interglacial (Saager and De Baar, 1993). 
Hence, it is virtually inevitable that the Cd/POa- 
ratio shifts with shifts in circulation, i.e. the global 
relation between Cd and phosphate not only varies 
in space but also in time. All evidence points at 
significant variations throughout for example the 
Phanerozoic. The analogy of Cd/PO4 with J2C/13C 
appears relevant also in the time domain. 
7.2 The distribution coefficient of Cd 
The Cd/Ca-ratio within the crystal attice of the 
calcite foraminifera shells is expected to be linearly 
related to the Cd/Ca-ratio in bottom waters: 
(Cd/Ca)roram = D'(Cd/Ca)sw (13) 
where D t is an apparent coefficient of distribution. 
For seawater we may write: 
(Cd/Ca)sw = [(Cd/PO4)~w. (1/Ca)sw]. (PO4)sw 
(1411 
and by combination with the former Eq. (13) one 
arrives at: 
(Cd/Ca)foram = [D'. (Cd/PO4)sw. (1/Ca)sw] 
• (eO4)sw ~-[B] x (PO4)sw (15) 
where [B] is a factor ideally uniform in space and 
time. Obviously, the three factors of which [B] 
consists need to be independently quantified. Lat- 
ter requirement of mutual independence has often 
been ignored. 
The term (1/Ca) is straightforward and cal- 
culated from the Ca2+-ion concentration i sea- 
water which is proportional to salinity. This can 
easily be done but has thus far been deemed 
trivial: the oceanic variation of salinity is relatively 
small and here we will assume that [Ca 2+] is con- 
stant at 10.27 mMol/kg for assumed salinity of 35. 
Given the typical oceanic range of about 33-37 the 
error would only be about 6%, i.e. a relatively 
small error which in the future can easily be 
remedied. 
The (Cd/PO4) ratio is the principal subject of our 
study. For the modern ocean we found that neither 
one of the set of relationships (4) and (5) has a zero 
intercept; as a result the Cd/PO4 ratio increases 
with increasing PO4, i.e. is not constant in place. 
Hence, the covariation isnon-ideal and would tend 
to vary over geological time scales (section 7.1). 
Indirect assessments of D' have been reported 
from Atlantic and Pacific core tops (Hester and 
Boyle, 1982; Boyle, 1988), but suffer from the fact 
that they are depending on the seawater relation- 
ship between Cd and PO4. In other words two of 
the three factors within the parameter [B] of Eq. 
(15) are in fact interdependent i.e. incorrect. 
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Table 3 
The distribution coefficients D' of pelagic forams assessed directly (Delaney, 1989) by l°9Cd radiotracer techniques. Also listed the values 
derived from comparison between measured Cd/Ca in benthic forams and calculated Cd/Ca in seawater, the latter derived from given 
seawater relations (1) and (2) of Cd/PO4 at given seawater Ca concentration. The error of D ~ is listed as standard eviation, or as r when 
D ~ was assessed by linear regression. When presumably some value was used but not reported we list (-.-). For comparison our best 
estimates of the global seawater Cd/PO 4 relation 
Author D' SD of D' Seawater elation Cd[nM] = aP[#M]+ b (Ca)seaw. 
(or r) (at S= 35 [retool] 
a b[nM] r 
Delaney (1989) (pelagic) 
Comparison 
Hester and Boyle 
(1982) 
as per Boyle (1988) 
we calculate 
Boyle (1988) 
for PO 4 > 1.3 #M 
for PO4 < 1.3 #M 
we calculate 
This work 
select (SD < 10%) deep 
for PO4 > 2#M 
for PO4 < 2#M 
only bottom waters 
2 4 (direct with Cd radiotracer) 
2.0 0.4 -.- -.- -.- 
2.0 0.4 0.35 zero -.- 
1.87 (r=0.84) 0.35 zero -.- 
2.9 > 0.6 0.40 -0.25 -.- -.- 
2.9 > 0.6 0.21 zero -.- -.- 




0.413 -0.259 0.98 (10.27) 
0.375 -0.145 0.85 (10.27) 
0.148 0.065 0.74 (10.27) 
0.388 -0.190 0.88 (10.27) 
Apparently the relationships (1) and (2) for Cd 
versus PO 4 in seawater were used to convert the 
actually measured PO4 into an estimated seawater 
Cd which was then plotted versus Cd/Ca in forams 
(Boyle, 1988, fig. 3) for which we then reconstruct 
(at Ca 2+ = 10.27 mM): 
(Cd/Ca)foram = 0.0037 + 2.58(Cd/Ca)s w 
(r = 0.98) (16) 
where the apparent D' = 2.58 at virtually zero-off- 
set does not deviate significantly from D' = 2.9 4- 
0.6 derived from a histogram (Boyle, 1988) rather 
than by regression. However, when properly taking 
into account he error in predictability of seawater 
Cd from seawater phosphate (Fig. 4), the derived 
Dr-values would in fact have a far wider range than 
the i0 .6  suggested previously (Boyle, 1988). 
Recently, the distribution coefficient D' has been 
assessed independently from the uptake of Cd- 
radiotracer into calcite shells and was found to be 
in the range of 2 < D < 4 for pelagic (rather then 
benthic) foraminifera (Delaney, 1989), where the 
relative error is significant when compared with 
the signal of the Cd/Ca record (e.g. Boyle and 
Keigwin, 1982, 1985, 1987). This and the below 
assessments are summarized in Table 3. 
More recently, Boyle (1992) suggested, on the 
basis of an overview of global core tops Cd/Ca 
data, that the Dr-values were depth-dependent. 
Unfortunately, this treatise also suffers from the 
fact that D' appears to be calculated on the basis 
of assumed oceanic Cd-PO4 relationships, the 
same circular argument as mentioned in the pre- 
vious paragraph (Boyle, 1992, fig. 3, where 
method for "Estimated Bottom Water Cd, nmol/ 
kg" cannot be found in the text but is presumably 
based on actually measured phosphate and above 
relationships 1 and 2). In addition to being a func- 
tion of depth, it appears that D / may also vary from 
basin to basin (Saager and De Baar, 1993). These 
and other considerations led Saager and De Baar 
(1993) to point at the risks of using an improperly 
defined D / to quantitatively interpret he Cd/Ca 
record. 
Obviously an independent assessment of D', as 
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Fig. 8. The relation between Cd/Ca in benthic foraminifera of
selected core tops with the ambient concentration f bottom 
water phosphate, data from table 1 of (Boyle, 1988). Linear 
regression (middle line) with 95% confidence interval (inner 
curves). Predictability interval (outer lines) at 95% confidence 
level for predicting the band width of phosphate in the modern 
ocean from a given discrete value of Cd/Ca. The range of pre- 
dictability isstrongly depending on the ranges of predictability 
of dissolved phosphate from given dissolved Cd; the latter plot is 
omitted as it is virtually identical to the inverse of Fig. 4. 
well as better overall insight in the relation (15) for 
the modern ocean is required and may likely be 
achieved either experimentally (after Delaney, 
1989) or by simultaneous measurements of (1) 
(Cd/Ca)foram in core top foraminifera nd the con- 
centrations of (2) dissolved Cd, (3) phosphate as 
well as (4) salinity of the corresponding bottom 
water (preferably also in several ocean basins). 
This would allow the paleoceanographic recon- 
struction of Cd in seawater which may prove very 
useful in combination with other paleoceano- 
graphic tracers (180/160; 13C/12C). 
7.3 Cd/Ca in Jorams as an indicator of phosphate 
The overall relation (15) may be derived directly 
from the primary data of Cd/Ca in benthic shells of 
selected core tops with well-documented con- 
tinuous sedimentation (Boyle, 1988) and bottom 
water phosphate: 
(Cd/ fa) foram = -0.059 + 0.101 × (PO4) 
(r = 0.98) (17) 
This relationship (Fig. 8) is impressive but not an 
ideal covariation due to its significant non-zero 
intercept. For a given modern Cd/Ca value the 
modern phosphate can be predicted within a 
band width of about i0 .4  #M at the 95% con- 
fidence level. This band width (i.e. the error of 
the overall factor B) can largely be ascribed to the 
band widths for the the predictability of the sea- 
water Cd/PO4-ratio in Eq. (15), judging from pre- 
dictability ranges shown in Fig. 4. 
Here, a conceivable caveat is due to the depth of 
habitat of benthic foraminifera in relation to the 
ambient concentrations of Cd and phosphate in 
bottom waters or sedimentary pore waters, respec- 
tively. For example, Mackensen and Douglas 
(1989) showed that from several different species 
only one truly epibentic species (P. ariminensis) 
should be used to infer bottom water paleochem- 
istry. Many foraminifera show a maximum abun- 
dance at 1-4 cm within the sediments (Corliss and 
Emerson, 1990). Decoupling of Cd and phosphate 
during early diagenesis was already mentioned 
above (Gobeil et al., 1987; Saager et al., 1992). 
Recently, similar concern was expressed with 
regards to observed decoupling of Cd and 6t3C 
in coastal margin sediments (McCorkle and 
Klinkhammer, 1991). 
7.4 Summary 
Upon correct determination of D / the recon- 
struction of paleo-Cd is feasible. This in turn, has 
been suggested as a proxy for the paleoceano- 
graphic distribution of phosphate. Here, the 
modern relationship (17) between (Cd/Ca)foram ~ 
and phosphate in the modern ocean at first glance 
may look promising (Fig. 8). However, the full Eq. 
(15) and its underlying relationship(s) (Eqs. 4 and 
5, or combined Eq. 6) between Cd and PO 4 in sea- 
water are not constant but vary in space, hence 
inevitably also in time. The latter time-shifts of 
the oceanic distribution of the Cd/PO4-ratio were 
demonstrated by ocean modeling (Saager and De 
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Baar, 1993). Intensity of these time shifts is signifi- 
cant in comparison with the strength of the fossil 
Cd/Ca signal, hence affects the feasibility of the Cd/ 
Ca record as independent tracer of nutr ient distri- 
butions in ancient oceans. Truly isotopic tracers 
may be more suitable, some of these are known 
to have some bearing on (13C/12C) or potential 
for (15N/14N; Altabet and Curry, 1989) reconstruc- 
tion of paleonutrients. 
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Note added in proof 
The recently reported observations in the Indian 
Ocean of Morley et al. (1993) are consistent with 
the current findings. Briefly their deep water values 
of Cd and PO4 would increase the number of points 
in the lower end of the Antarctic/Indo/Pacif ic 
cluster of our Fig. 4, hence lead to minor 
adjustments in the relationships 4, 5 and 6. 
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